The fate of spontaneous chromosomal rifampin-resistant (Rifr) mutants of Pseudomonas putida and Pseudomonasfluorescens in sterile and live organic soil from which they were isolated was studied. In sterile native-soil assays, a Rifr mutant of P. putida showed no decrease in competitive fitness when compared with the wild-type parent. However, mutants of P. fluorescens were of two general categories. Group 1 showed no difference from the wild type in terms of growth rate, competitive fitness, and membrane protein composition. Group 2 showed a slower growth rate in both minimal and enriched media and an altered membrane protein profile. These mutants also demonstrated decreased competitive fitness compared with the wild-type strain. In live soil, the Rif' P. putida strain persisted throughout the 38-day test period with a decay rate of 0.7 log10 CFU/g of soil per 10 days. A group 1 Rifr p. fluorescens mutant maintained its inoculated titer for 7 to 10 days and then decayed at a rate of 0.2 to 0.4 loglo CFU/g of soil per 10 days. A group 2 Rifr P. fluorescens mutant remained at its titer for 1 to 5 days before decaying at a two-to threefold-faster rate. These findings indicate that rifampin resistance may not be an innocuous mutation in some pseudomonads and that marked strains should be compared with wild-type parents before being used as monitors of parental strain survival. Colonization of sterile soil with either the wild-type or mutant strain precluded normal colonization of the second added strain. These results suggest that there are limited sites for colonization of Pseudomonas species in these soils, a finding which may relate to the eventual fate of the introduced organisms.
The deliberate release of microorganisms into the environment is being practiced and considered as a means to improve agriculture and environmental quality (7) . This approach requires a means of monitoring the organisms after their release. To be enumerated, a released organism must have a selective characteristic which does not interfere with its inherent ability to survive or colonize the environment (23) . Spontaneous antibiotic resistance has provided a potentially simple and effective method to genetically mark bacterial strains for monitoring after introduction into complex ecosystems. Such mutants are being used to study root nodulation and competition among symbiotic nitrogen-fixing strains of rhizobia (2, 15) , the survival of fecal indicator bacteria in waters (16) and soil (22) , and the persistence of organisms of potential use in genetic engineering (10) .
However, spontaneous antibiotic resistance mutations may not be innocuous genetic lesions (3) . Among Rhizobium spp., decreased symbiotic effectiveness was associated with streptomycin resistance (6, 23) , and rifampin-resistant (Rif') strains failed to compete in nodulation studies with wild-type strains (9) . Mutants of Rhizobium spp. resistant to both streptomycin and rifampin had significantly slower growth rates in vitro than wild-type strains had (23) . In addition to physiological insult, antibiotic-resistant mutants may be viable in the environment of presentation but not easily culturable on media containing sufficiently high concentrations of selective agents (17) .
Resistance to rifampin, generally mediated by a mutation in the , subunit of RNA polymerase (20) , is unusual among soil bacteria. The chromosomal nature of the mutation affords greater stability than occurs with plasmid-borne * Corresponding author.
t Present address: Ecova Corp., Redmond, WA 98052. markers and is also advantageous since the mutation is not easily transferable. The objectives of these studies were to evaluate the physiological and ecological fitness of rifampinresistant mutants derived from Pseudomonas spp. and to study the behavior of these genetically marked strains when reintroduced into the live soil from which they were isolated. Fitness of the mutant strains was confirmed by their growth rates in vitro, membrane protein composition, and ability to successfully compete with wild-type parents in sterile-soil assays. The fate of the Rif' mutant organisms was then monitored after their introduction into live soil. MATERIALS Experimental procedures. Each experiment consisted of duplicate tubes and was repeated at least once, giving a minimum of four separate inoculations for each study. Test bacteria, in a volume of 0.1 ml, were inoculated into a 0.5-g soil sample, followed by the gradual addition of soil with continued mixing until 20 g of soil were in the 50-ml tubes. At each time point, two 1-g samples were taken from each of the duplicate inoculation tubes, and the numbers of bacteria were determined by dispersion of the soil in buffered saline followed by decimal dilution and plating in duplicate onto appropriate media. Vortex agitation in buffered saline was equivalent to the action of aqueous solutions of salts and detergents in releasing bacteria from the soil substrate (data not shown). Prior studies showed that these methods allowed quantitative enumeration of pseudomonads inoculated into the soil.
Recovery of organisms from sterile soil was done by initial plating onto NA followed by replica plating onto NA containing 50 ,ig of rifampin per ml or direct plating onto NA containing 5 Fig. 2A and B) . However, the Rif' mutant P. fluorescens Pfl-8 failed to achieve similar titers when inoculated with its wild-type parent (Fig. 2C) .
The effect of the physiological conditioning of laboratory growth media on test strains was assessed by preparing inocula from organisms pregrown in sterile soil before placing them into sterile soil. Organisms inoculated into the soil in this way maintained growth rates in soil identical to those obtained after inoculation from minimal medium. When P.
fluorescens Pfl-8 and Pfl-1 were added at 1:1 from their respective soils, Pfl-8 again failed to achieve titers similar to those of Pfl-1 and remained at three-to fivefold-lower titers (data not shown).
Experiments were also conducted with different inoculation ratios. P. putida Ppl-1 was inoculated into soil at a 10-fold excess over P. putida Ppl-2. The strains multiplied at the same rate, maintaining the same ratio throughout the experiment. When the density of Ppl-1 reached 108 CFU/g, both strains ceased to increase in number, and their respective titers were maintained for the duration of the experiment (Fig. 2D) .
A series of experiments were conducted with P. putida and P. fluorescens and their respective Rifr mutants to determine whether the wild-type organisms were capable of encroaching on Rif' mutants precolonized in soil and vice versa. When P. fluorescens Pfl-1 was inoculated into sterile soil and P. fluorescens Pfl-2 was inoculated into the same soil 24 h later or vice versa ( Fig. 3A and B) , the initial organism in the soil reached and maintained a titer of about 2 x 108 to 4 x 108 CFU/g, while the second organism attained a lower titer, only two-to fivefold higher than that at which it was inoculated. In similar studies with the additions of P. putida Ppl-1 and P. putida Ppl-2 separated by 48 h, the second organism added remained at its inoculated titer (Fig.  3C ). P. fluorescens Pfl-8 added to soil already colonized with P. fluorescens Pfl-1 also maintained its inoculated titer (Fig. 3D) . Studies with live soil. P. putida Ppl-2 and P. fluorescens Pfl-2 and Pfl-8 were studied in live soil. As a control for consistency of the live-soil population, we examined the number and types of colonies capable of growth on NA-A medium (the heterotrophic population) and on NA-AA medium (to estimate indigenous pseudomonads). Numbers and types of colonies showed no change throughout the course of the experiments. The organisms were inoculated into live soil, either from mid-logarithmic-phase culture grown in minimal medium or from sterile soil which was colonized with the test organisms. The results were the same. When added from medium, P. putida Ppl-2 had an overall decay rate of 0.7 loglo CFU/g of soil per 10 days (Fig. 4A) . The decay appeared biphasic, with a more rapid decay during the first 7 days and a slow (additional 1-log reduction) decay in the ensuing 20 days. An identical rate of decay was observed when the organism was inoculated into live soil from sterile soil, except that the rate of decay was constant throughout the time period (data not shown).
Although unmarked, P. putida Ppl-1 was examined after inoculation into live soil at an initial titer higher than that of the indigenous pseudomonad population. During the first 7 days, P. putida Ppl-1 inoculated at 107 CFU/g of soil decreased at a rate of 0.7 log1o CFU/g of soil per 10 days, similar to the rate of Ppl-2 (Fig. 4B) . After that time, the organism reached the total titer of organisms growing on NA-AA and could not be distinguished.
When P. fluorescens Pfl-2 was added to the live soil at ca.
106 CFU/g of soil, its titer remained essentially unchanged over the first 7 to 10 days. Then over the next 2 weeks, its titer slowly dropped at a rate of 0.4 log1o CFU/g of soil per 10 days (Fig. 4C) . The overall decay rate was 0.2 to 0.4 log1o CFU/g of soil per 10 days. In other experiments, Pfl-2, inoculated at 106 CFU/g, reached 104 CFU/g after 35 days and maintained this titer for 15 additional days when the experiment was ended. In contrast, P. fluorescens Pfl-8 showed an unchanged titer for 1 to 5 days and then decayed in number at a rate of 0.7 log10 CFU/g of soil per 10 days (Fig. 4D) . The rate of decay was two to three times greater than that of P. fluorescens Pfl-2.
Wild-type P. fluorescens Pfl-1 inoculated into live soil at 107 CFU/g showed a decay rate of 0.7 log1o CFU/g of soil per 10 days (data not shown). This value was twofold greater than that for Pfl-2 inoculated at lower titers (106 CFU/g) and was the same decay rate as that for Ppl-1 added at the elevated titer (Fig. 4B) . To examine this finding further, we inoculated Pfl-2 into live soil at 107 CFU/g. The strain
showed an initial decay rate of 0.7 log1o CFU/g of soil per 10 days until it reached a titer of 106 CFU/g. Then it decayed at a rate of 0.4 log1o CFU/g of soil per 10 days (Fig. 4E) .
DISCUSSION
The rationale for the use of antibiotic resistance to mark bacteria in ecological studies is based on the unique advantages for recovery and enumeration, without interfering with organism fitness, that are conferred. However, two concerns associated with the use of antibiotic resistance to mark microorganisms are exemplified in the experiments described in this report. First, the inability of the P. putida Rif' mutants to recover quantitatively on media containing >20 ,ug of rifampin per ml, despite their initial selection of 100 ,ug/ ml, prevented recovery directly from live soil and demonstrated an underlying problem inherent in the use of selective agents for the quantitative enumeration of specific bacteria. A similar problem was observed in attempts to recover tetracycline-resistant E. coli strains on tetracycline-containing media after their association with soil (5). Dyes, detergents, metals, and drugs incorporated into selective media may be inhibitory to the very population of interest, contributing to the viable nonculturable paradigm (17) .
A second concern is the possibility that secondary, nonselected genetic changes may occur in the target organism along with the alteration of interest. We 3 . Effect of sterile soil association by one organism on the growth of another. All strains were grown and inoculated from minimal medium. Organisms were distinguished by Rif. (A) Pfl-1 followed after 1 day by Pfl-2; (B) Pfl-2 followed after 1 day by Pfl-1; (C) Ppl-1 followed after 2 days by Ppl-2; (D) Pfl-1 followed after 1 day by achieve a titer similar to that of the wild-type parent (Fig.  2C) .
Selection of chromosomally meditated antibiotic resistance may lead directly or indirectly to genetic changes which affect the ecological integrity of the organism harboring these mutations. Previous ecological studies have documented this problem. Rif' E. coli K-12 demonstrated membrane protein changes and a decreased ability to colonize germfree mice when in competition with isogenic strains (13). Pettibone et al. found that antibiotic-resistant derivatives of fecal indicator organisms displayed altered recovery from wild-type strains in studies of survival in estuarine waters (16) . Some antibiotic-resistant mutants of Rhizobium spp. were found to be less competitive in nodule formation on root tissue than wild-type parents (6, 9, 23) .
In the unsupplemented sterile soil, there appeared to be a limit to the maximum density for the Pseudomonas strains studied of about 1 x 108 to 4 x 108 CFU/g of dry soil. This was true for single strains introduced at 104, 105, or 106 CFU/ g of dry soil as well as for paired wild-type and Rifr organisms introduced into sterile soil. The nature of this density-dependent phenomenon has not been elucidated, but the limit may be due to nutrient or spatial limitations of the ecological niche. The physiological status of the organisms in the soil at this point is not known.
The maximum density appeared to prevent the further increase in number of the challenging isogenic strain inoculated at lower initial titers (Fig. 2D) . This phenomenon was further demonstrated when the P. fluorescens Pfl-1 strain was colonized in sterile soil and challenged, after it had reached a density of 108 CFU/g, with P. fluorescens Pfl-2.
The challenging strain increased in number only slightly over its initial titer and did not dislodge the primary colonizer. This was also true when the order of colonization and inoculation of these strains was reversed (Fig. 3A and B) . In colonization tests in germfree mice, Onderdonk et al. (13) demonstrated that the colonization of the gut epithelia by one strain of E. coli preempted colonization by a second, antibiotic-resistant isogenic strain. While the term preemptive colonization is normally reserved to describe the conditioning of a niche by the activities of one organism (i.e., acid production) to preclude colonization by a second species, we believe that this concept could be extended to encompass situations in which members of the same genus and species colonizing a niche do not allow encroachment by a second organism of the same or related genus and species.
Antibiotic-resistant strains of bacteria have been used to assess the persistence of indigenous and nonindigenous microorganisms inoculated into natural systems such as sewage (19) , fresh water (19) , freshwater sediments (4), estuarine water (12) , and soil (24) , as well as aqueous soil extract media (25) . Depending on the organism tested and the environment of presentation, decay rates of between 2 and >5 log1o CFU/g of soil per 10 days were found. However, in most cases, the test organisms did not originate from the test environment, and control experiments on the fitness of the mutants compared with that of wild-type parents were not performed (10) . We found much slower decay rates for 
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The gradual loss of pseudomonad strains which are native to the soil as opposed to the rapid loss of E. coli from soil (5, 22) suggests that these organisms are not as affected by the active and passive processes restricting the soil community. The continued presence of the introduced strains, even at low titers, for over a month in live soil shows that they are not totally lost but may approach homeostasis as they undergo exchange with resident organisms occupying the appropriate niches.
From the current studies, it can be concluded that rifampin is a useful selective agent in ecological studies if the fitness of the resulting mutants is equivalent to that of the wild-type strains. These findings indicate that the behavior of the marked mutants should be compared with that of the isogenic parent in survival and competition assays before use of the marked strains in ecological studies. We have also demonstrated in a simple system that colonization of soil by a species which is isogenic to a challenging organism may preempt the colonization of the soil by the second organism. This is true even when organisms display identical fitness. This interaction may be important in the failure of introduced strains to increase in number when introduced into their own natural environment.
